Introduction
============

Microbial dissimilatory reduction of mineral oxides such as iron (Fe) and manganese (Mn) hydroxides influences carbon cycling as well as speciation of redox sensitive metals in the environment. It refers to a process where microbes reduce metals for respiration rather than assimilation. Aquatic and subsurface environments are rich in trivalent Fe \[Fe(III)\] and tri/tetravalent Mn \[Mn(III/VI)\] minerals that can support a variety of dissimilatory metal-reducing bacteria (DSMRB) when oxygen or other terminal electron acceptors are absent. Most microbes that can reduce Fe(III) can also reduce Mn(IV), and vice versa, and belong to a variety of different taxa, including *Firmicutes, Proteobacteria, Deferribacteres, Thermotogae*, and *Actinobacteria* ([@B31]; [@B13]).

Amongst the microorganisms that can reduce metal oxides, there are organisms that do not conserve energy from this process but still perform this reaction as a sink for electrons. These include many fermentative and sulfate reducing Bacteria and Archaea ([@B30] and references therein). The most well-known microorganisms among those that do conserve energy for growth include *Shewanella* spp. ([@B20]) and *Geobacter* spp. ([@B37]; [@B13]). The genera of *Shewanella* and *Geobacter* are the most studied metal-reducing microorganisms. They are not only capable of reducing insoluble Fe(III) and Mn(IV) oxides ([@B3]; [@B59]; [@B28]; [@B47]), but also soluble uranium(VI) ([@B10]) and chromium(VI) ([@B29]; [@B16]).

Manganese is a redox sensitive element and it undergoes many oxidation--reduction reactions in the natural environment. It occurs in oxidation states from 0 to +7, but only 2+, 3+, and 4+ have biological importance ([@B11]). Manganese is readily reduced/oxidized by microbes, but it can also be abiotically reduced by Fe(II), sulfide, uraninite, and arsenite ([@B5]; [@B61]; [@B60]; [@B22]) and oxidized by oxygen ([@B32]). In terms of microbial Mn(IV) reduction, the nature of the Mn(IV) oxide mineral has a major influence on the rate and extent of reduction. The most common Mn(IV) mineral studied is birnessite ([@B4]; [@B19]; [@B63]), with the chemical formula Na~0.58~(Mn~1.42~^4+^,Mn~0.58~^3+^)O~4~×1.4H~2~O ([@B45]; [@B15]). Once birnessite is reduced, the Mn(II) ions are much more soluble than the mineral itself. Some Mn(II) ions will remain in aqueous solution, but the majority will still form a white precipitate of hodochrosite (MnCO~3~) ([@B9]).

Most Mn(III/IV) oxides are poorly soluble at near neutral pH. This creates a challenge for microorganisms, since the cell envelopes are impermeable to the minerals. Several mechanisms have evolved that help respire the minerals. First, electrons can be transferred from the inner membrane quinone/quinol pool through the periplasm to the outer membrane and onto the surface of the mineral ([@B51]) ([Figure 1B](#F1){ref-type="fig"}). In *Shewanella* spp. the c-type cytochromes CymA, MtrA, MtrC, and OmcA along with a non-heme protein MtrB play an important role in this electron transfer. Second, a variety of microorganisms can produce siderophores that solubilize the metal ion from the oxide, so that it can be reduced inside the periplasm ([@B28]). Third, some microorganisms synthesize low-molecular-weight organic molecules ("shuttles") that transfer electrons between microorganisms and mineral electron acceptors ([@B59]). Small sulfur molecules ([@B54]), dissolved as well as solid phase humic substances ([@B39]; [@B54]; [@B48]), and endogenous electron shuttles such as flavins ([@B35]), which are produced by bacteria themselves, have also been observed/proposed to be involved in electron shuttling and dissimilatory metal reduction.

![Schematic presentation of lactate fermentation **(A)** and dissimilatory birnessite reduction **(B)**. In lactate fermentation lactate is oxidized to pyruvate, generating ATP and NADH in the oxidative branch. Pyruvate is further oxidized to CO~2~ and acetate, giving yield to ATP and 2NADH. NADH is re-generated in the reductive branch forming propionate. In dissimilatory birnessite reduction lactate is oxidized to pyruvate then acetyl-CoA which is oxidized to acetate yielding ATP and 2NADH. NADH is regenerated by donating electrons to the NADH dehydrogenase then electrons are transferred via cytochromes extracellularly to birnessite. The energy yield per 1 mole of lactate is around 2/3 of ATP in fermentation and 6 ATP molecules in birnessite reduction.](fmicb-10-01007-g001){#F1}

In anoxic environments and in the absence of terminal electron acceptors such as Mn(IV) oxides, microbes perform fermentation ([Figure 1A](#F1){ref-type="fig"}). Fermentation and dissimilatory metal reduction, although both anaerobic processes, differ significantly in terms of redox reactions, ATP synthesis and electron transport ([Figure 1](#F1){ref-type="fig"}). Fermentation processes are sometimes considered marginal, only occurring when electron acceptors have been fully consumed. From this perspective, fermentation would not be expected to directly compete for organic carbon with dissimilatory metal reduction, since the former is energetically far less favorable ([@B21]; [@B33]). For fermentation of lactate, the substrate used in this study, one third of the lactate is oxidized to acetate and CO~2~ (Eq. 1) leading to production of 2 ATP and 2 NADH. To regenerate NAD^+^, two thirds of the lactate are reduced to propionate, without any ATP production ([Figure 1A](#F1){ref-type="fig"}). In practice, previous research has shown that the ratio between propionate and acetate will vary, depending on the microorganisms executing the process, as well as the growth conditions ([@B49]).
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Many fermentative bacteria have other options for disposal of NADH, for example the reduction of birnessite. By performing birnessite reduction lactate is oxidized to acetate and CO~2~ (Eq. 2) avoiding reduction to propionate and increasing ATP yield from 2/3 ATP per lactate to 2 ATP per lactate ([Figure 1B](#F1){ref-type="fig"}).
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For comparison, complete oxidation of lactate to CO~2~, coupled to birnessite reduction, could yield 6--8 ATP per lactate, via the TCA cycle, proton translocation and ATP synthase ([Figure 1B](#F1){ref-type="fig"}) ([@B43]). In dissimilatory metal reduction, electrons need to be transported extracellularly to the electron acceptor via a series of cytochromes ([Figure 1B](#F1){ref-type="fig"}), which could kinetically bottleneck lactate metabolism. Therefore, tentatively the advantage of fermentation, although less energetically favorable, is that the microorganisms could convert the substrate faster, leading to higher substrate affinity. The aim of our study was to investigate the outcome of the competition for lactate between fermentation and birnessite reduction.

Materials and Methods {#s1}
=====================

Preparation of Manganese Oxide
------------------------------

Manganese oxide was prepared as described before ([@B36]; [@B63]). Briefly, 0.2 mol of KMnO~4~ (ACS reagent, Sigma-Aldrich, St. Louis, MO, United States) was weighted in 350 ml of ultrapure water and boiled. While boiling, 50 ml of concentrated HCl (Suprapur, Sigma-Aldrich, St. Louis, MO, United States) was added drop-wisely. After all the HCl was added, the solution was left to boil for an additional 30 min. After the solution cooled, the brown precipitate was harvested by centrifugation (Thermo Fischer Scientific, Waltham, MA, United States) (3500 rpm for 10 min) and the pellet washed with ultrapure water (18 MΩ, Milli-Q, Millipore, Burlington, MA, United States) until the pH of the solution was neutral. An additional step of washing was applied to remove any K^+^, Cl^-^ as well as aqueous Mn ions, by dialysing the oxide against ultrapure water using a 14 kDa molecular weight cut-off dialysis membrane (Spectrum Labs, Phoenix, AZ, United States). After the washing steps, manganese oxide was dried over night at 60°C. To assess particle size and morphology, transmission electron microscopy (TEM) (Tecnai F20 FEG-TEM, FEI Company, Hillsboro, OR, United States) analysis was performed at 200 kV. The particles were first sonicated in ethanol then casted onto a mesh TEM grid (C-Formvar 200, Ted Pella, United States) for imaging.

Sequential Mn Extractions and ICP-MS Measurements
-------------------------------------------------

Manganese(II) was determined in two different fractions as described by [@B55] with slight modification. First an aliquot was withdrawn from the microcosms and centrifuged (14,000 rpm, 5 min). The supernatant was filtered and acidified with nitric acid (Suprapur, Sigma-Aldrich, St. Louis, MO, United States) to preserve the aqueous ions in the solution, representing the aqueous Mn fraction. The pellet was further extracted with 1 M sodium acetate (pH 5) for 24 h inside an anaerobic chamber to avoid Mn(II) oxidation and subsequent precipitation. After, samples were vortexed, centrifuged, and the supernatant was filtered, representing the carbonate bound Mn(II). All reagents used were ACS (American Chemical Society grade) reagents (Sigma-Aldrich, St. Louis, MO, United States). Dissolved manganese concentrations were determined using triple quadrupole ICP-MS (8900 Agilent, Santa Clara, CA, United States). To correct for signal drift during the measurements, germanium was used as an internal standard. The relative standard deviation of ICP-MS measurements was within 4%. The linear concentration range was between 0.1 and 1000 ng mL^-1^.

HPLC Measurements
-----------------

Lactate, acetate, formate, and propionate were analyzed using UltiMate 3000 HPLC system (Thermo Scientific, Waltham, MA, United States) equipped with an Aminex HPX-87H column (Bio-Rad, Hercules, CA, United States) and a UV detector. HPLC was operated under isocratic conditions with 5 mM H~2~SO~4~ (VWR, Radnor, PA, United States) as the mobile phase and a flow rate of 0.6 mL min^-1^ (UV detection at 210 nm). Column temperature was set to 60°C. The working concentration range was between 0.1 and 5 mM.

GC Measurements
---------------

Carbon dioxide and CH~4~ measurements were performed simultaneously using 7890B GC system with flame ionization detector (FID) for CH~4~ and thermal conductivity detector (TCD) for CO~2~. The instrument operated under the following parameters: valve temperature: 125°C; oven temperature: 105°C; post-run at oven temperature of 50°C for 0 min. Sample loop: 0.25 mL. Column 1: gas He (105°C); Column 2: gas He 21 mL min^-1^ (at 105°C), constant flow; Column 3: gas He (105°C). TCD temperature: 200°C, reference flow: He 40 mL/min. FID: Heater T: 200°C, Air flow 400 ml/min, H~2~ fuel flow 50 ml/min. Column 1: 0.5 m × 1/8″ Hayesep N (80/100 mesh); Column 2: 6′ × 1/8″ Hayesep N (80/100 mesh); Column 3: 8′ × 1/8″ MS5A (60/80 mesh).

Dissolved CO~2~ and CH~4~ concentrations were calculated from partial pressures of corresponding gasses and Henry's law constants of 29 atm M^-1^ for CO~2~ and 670 amt M^-1^ for CH~4~.

Reference gas mix from Praxair (Mississauga, ON, Canada) was used for calibration of the instrument. The working concentration range was between 0 and 20% of gas in the headspace.

Enrichment of Manganese Reducing Microbial Consortia From Activated Sludge
--------------------------------------------------------------------------

To obtain a manganese oxide-reducing microbial consortium, returned activated sludge from a local waste water treatment plant (Bonnybrook Wastewater Treatment Plant, Calgary, AB, Canada), was used as the inoculum. Enrichments were set up in triplicates with lactate (40 mM) as the electron donor and manganese oxide (21.5 mM) as the electron acceptor. Although birnessite is an insoluble mineral, in this study we express birnessite activity in mM. This is done to enable assessment of the stoichiometry of the use of the electron acceptor and donor. Enrichment cultures and experiments were provided with 2.3--9.2 g L^-1^ of birnessite (10--40 mM). Ten ml of activated sludge was used as the inoculum. To ensure the pH was around neutral throughout the incubation, Coleville synthetic brine medium (CSBK) medium was used containing (per 1 L): 1.5 g NaCl, 0.05 g KH~2~PO~4~, 0.32 g NH~4~Cl, 0.22 g CaCl~2~, 0.54 g MgCl~2~ × 6H~2~O, and 0.1 g KCl. The medium was autoclaved, left to cool, then NaHCO~3~, autoclaved separately, was added to a final concentration of 1.14 g L^-1^. All chemicals were ACS reagents (Sigma-Aldrich, St. Louis, MO, United States). The final volume of the microcosms was 100 ml. The headspace of the microcosms was vacuumed and purged with N~2~ five times to ensure anaerobic conditions. The initial enrichments (transfer I) were incubated on a rotary shaker at 80 rpm, 30°C for 2 weeks. After that, 20 ml of the culture was transferred to fresh medium, containing lactate, manganese oxide, and fresh media as described before. These enrichments (transfer II) were incubated for 3 weeks, followed by another transfer (transfer III). At the final time point of incubation for the transfers II and III, samples were taken for DNA extraction. The culture obtained after transfer III was used in further experiments to test how varied manganese oxide activity affects fermentation, metal reduction, and community composition.

Incubations of Enriched Microbial Consortia at Different Manganese Oxide Activity
---------------------------------------------------------------------------------

Microcosms were prepared with the inoculum from the enriched birnessite-reducing culture (transfer III). All microcosms contained 40 mM lactate and were inoculated with 7 ml of the birnessite-reducing culture. CSBK medium was used to obtain a final volume of 35 ml. The manganese oxide activity was 0, 10, 20, or 40 mM. All experiments were done in triplicates. To control for any dissolution of birnessite and abiotic oxidation or possible adsorption of lactate by birnessite, abiotic controls were also set up with birnessite and lactate in CSBK media only, without any microorganisms.

Gas phase was measured at time 0, after 1, 2, 5, 10, 15, 20, and 25 days of incubation. Samples were withdrawn for organic acid and Mn analysis at days 0, 1, 2, 5, 15, 20, and 25.

After 25 days of incubation samples were also withdrawn for DNA extraction and 16S rRNA gene sequencing.

16S rRNA Gene Amplicon Sequencing
---------------------------------

DNA was extracted from the initial activated sludge as well as from enrichment cultures at the final incubation time point using FastDNA Extraction Kit for Soil (MP Biomedicals, Santa Ana, CA, United States) according to the instruction manual. DNA was quantified using Qubit^TM^ dsDNA HS Assay Kit and Qubit 2.0 fluorometer (Thermo Fischer Scientific, Waltham, MA, United States).

A two step PCR method was used for Illumina 16S rRNA gene library preparation. First, the 16S rRNA genes were amplified from the DNA extracts using primers 515F-806R, that were designed to amplify prokaryotes (Bacteria and Archaea), targeting the V4 region of the 16S rRNA gene ([@B7]; [@B1]; [@B42]). Primers were modified with Illumina MiSeq overhang adapters ([@B50]). PCR mixtures contained 0.1 μM of the forward primer, 0.1 μM of the reverse primer (Integrated DNA Technologies, Inc., Coralville, IA, United States), 12.5 μL of 2× KAPA HiFi Hot Start Ready Mix (Kapa Biosystems, Wilmington, MA, United States), 0.5 mg mL^-1^ BSA (UltraPure, Thermo Fischer Scientific, Waltham, MA, United States) and 5 μL of template DNA. PCR reaction conditions were as follows: initial denaturation step 94°C for 3 min, followed by 35 cycles of 45 s at 94°C, 60 s at 50°C and 60 s at 72°C, and a 10 min final elongation at 72°C. All PCR reactions were performed in triplicates and pooled for further purification with AMPure XP (Beckman Coulter, Indianapolis, IN, United States) magnetic beads as per the manufacturer's instructions. After, a second PCR was used to attach dual indices and Illumina sequencing adapters to the amplicons from the first PCR reaction, described in details by [@B50]. After the second PCR reaction, products were purified using AMPure XP magnetic beads as per the manufacturer's instructions. The concentration of dsDNA was determined again, then samples were pooled and normalized to obtain a final DNA concentration in the range 0.1 to 10 ng μg^-1^. Sequencing was performed using Illumina's v3, 600-cycle (paired-end) reagent kit on a MiSeq benchtop sequencer (Illumina, Inc., San Diego, CA, United States).

Amplicon Sequence Processing and Analyses
-----------------------------------------

Paired-end raw reads obtained from Illumina were processed using the MetaAmp online pipeline ([@B12]). The input files of raw paired-end sequences were in FASTQ format. The MetaAmp workflow is described in details elsewhere ([@B12]). Briefly, the reads were first merged, generating a longer single read with corresponding quality control score. In our analysis a minimum length of overlap of 80 base pairs (bp) was specified for the merging options, with the maximum number of 8 bp mismatches. In the second stage, forward and reverse primers were trimmed. The primer-trimmed reads were subjected to quality filtering. For the quality filtering options, maximum number of differences to the primer sequence as well as maximum number of expected errors of 1 were allowed. The quality filtering and truncating were done using "usearch -fastq_filter" command with "-fastq_trunclen -fastq_maxee -fastaout" options in USEARCH. The remaining reads were truncated to a length of 250 bp and reads which had a higher number of total expected errors for the truncated read length were discarded. The reads with lengths shorter than the truncation length were also excluded from further analysis. In the third stage de-replication and removal of single reads and chimeric sequencing was performed, the high-quality reads were clustered into operational taxonomic units (OTUs) based on the 97% sequence identity threshold over 250 bases. All samples were rarefied to the number of reads in the smallest sample to avoid biases from different sampling depths. After rarefication, community similarities were measured using the Bray--Curtis index and alpha-diversity metrics (observed OTU richness, Inverse Simpson's and Shannon diversity index) were calculated from the rarefied libraries using Mothur version 1.35.1. To test for community dissimilarities ANOSIM in Vegan R package ([@B46]) was performed.

Amplicon sequences generated in this study are available through the NCBI Sequence Read Archive (BioProject Accession No. [PRJNA528502](PRJNA528502)).

Results
=======

Enrichment of Birnessite-Reducing Microorganisms From Activated Sludge
----------------------------------------------------------------------

Activated sludge was used as the inoculum for enrichment, because of its high biological and functional diversity ([@B63]), and tolerance to high dissolved metal concentrations ([@B40]). The Mn(IV) oxide used in our study was birnessite. Transmission electron microscopy visualized its typical "nanoflower"-like morphology, as shown in [Figure 2A](#F2){ref-type="fig"}. Birnessite was used as the only electron acceptor (4.8 g L^-1^ equivalent to a birnessite activity of 21.5 mM) during enrichment, and lactate (40 mM) was supplied as the only electron donor. The enrichments were left until, after ∼40 days, clearing/consumption of the brown birnessite was observed, as shown in [Figure 2B](#F2){ref-type="fig"}. Then, the culture was transferred into a fresh medium with the same initial birnessite activity and lactate concentration. The enriched culture attained after three transfers was then used for further experiments.

![TEM microscopy image of birnessite **(A)**. Microcosms of enriched culture with birnessite and lactate at time 0 (T0), after 20 days (T20), and after 40 days (T40) of incubation **(B)**. At T0 only brown birnessite precipitate was noticed, as incubation time increased, birnessite was consumed and more biomass was visible, and the brown precipitate receded.](fmicb-10-01007-g002){#F2}

To assess the microbial community assembly during enrichment, 16S rRNA gene amplicons were sequenced. To visualize dissimilarities between the inoculum and the enrichment cultures, non-metric multidimensional scaling (NMDS) was employed. [Figure 3A](#F3){ref-type="fig"} shows how the community composition changed from the inoculum to the community assembled after two and three transfers. The changes in the community were observed as the spatial separation between inoculum, transfer II and transfer III. The proximity of transfers II and III indicated that the enrichment was already almost complete after transfer II. The loss of diversity during enrichment was confirmed by decreased Shannon diversity index ([Figure 3B](#F3){ref-type="fig"}).

![Non-metric multidimensional scaling (NMDS) analysis of the inoculum and after II and III transfer **(A)**. The duplicates for the community composition after II and III transfer were visualized individually instead of average. The Stress value for this system was 0.2. Shannon diversity index (SDI) **(B)** of the inoculum and of transfer II and III. Error bars indicate the standard deviation of duplicate experiments. The bubble chart **(C)** represents the relative abundance of 16S rRNA gene (%) in the inoculum and in the enrichment after II and III transfer at the Family or Genus level when classified. Size of the bubble relates to the relative abundance of 16S rRNA gene (%). For visualization purposes only OTUs with an abundance \> 1% in either transfer II or III are shown. Both Proteobacteria and Firmicutes were enriched, with *Shewanella* being the most abundant OTU in birnessite enrichments. Average values of duplicate experiments were presented.](fmicb-10-01007-g003){#F3}

In the initial activated sludge inoculum, a total of 1,050 OTUs were detected. After three transfers, only 158 OTUs remained. After the third transfer, Proteobacteria had the highest relative sequence abundance (51%), followed by Firmicutes (32%) and Bacteroidetes (12%). A population affiliated with *Shewanella* achieved the highest relative sequence abundance (55%, [Figure 3C](#F3){ref-type="fig"}), despite its abundance being below the limit of detection in the inoculum. Other abundant proteobacteria were affiliated with *Citrobacter* (2.4%) and *Rhodocyclaceae* (1.8%). Among Bacteroidetes, the VadinBC27-wastewater sludge group (2.9%), *Paludibacter* (1.8%), *Petrimonas* (2.9%), and PL-11B8-wastewater sludge group (1.4%) were represented. Among Firmicutes, populations affiliated with *Veillonellaceae* (6.5%), *Clostridium-sensu stricto* (8.9%), *Acidaminobacter* (1.7%), *Clostridiales* Family XI incertae sedis (1.5%), *Proteiniclasticum* (2.5%), *Clostridiales* (0.5%), *Fusibacter* (1.2%), *Tyzzerella* (3.4%), and *Sedimentibacter* (0.5%) were enriched.

The Effect of Birnessite Activity on Lactate Consumption
--------------------------------------------------------

To investigate how birnessite activity impacted lactate fermentation and community structure, four different initial birnessite activities were tested in triplicated separate microcosms with birnessite activities of 0, 10, 20, and 40 mM. The initial lactate concentration was 40 mM in all experiments. [Figure 4A](#F4){ref-type="fig"} shows the consumption rate of lactate at different initial birnessite activities.

![Lactate consumption **(A)** and acetate **(B)**, propionate **(C)**, and formate **(D)** production on incubation days 0, 1, 2, 5, 10, 15, and 20 for birnessite activities of 0, 10, 20, and 40 mM. Lactate consumption as well as acetate, propionate, and formate production were affected by birnessite presence. Error bars indicate the standard deviation of triplicate experiments.](fmicb-10-01007-g004){#F4}

In the absence of birnessite, the consumption of lactate was faster than in its presence. At 0 mM of birnessite all lactate was consumed after 10 days of incubation, whereas at 10, 20, and 40 mM of birnessite, lactate was still detected at concentrations of 2.6, 27.2, and 28.8 mM, respectively. At the 20-day mark, lactate could not be detected in the 10 mM birnessite microcosms but was detected in the microcosms with 20 and 40 mM of birnessite.

In [Figure 4B](#F4){ref-type="fig"}--[D](#F4){ref-type="fig"}, the microbial metabolic products acetate, propionate, and formate, are presented. Acetate and propionate were produced in all microcosms, whereas formate was detected only at the end of the 40 mM birnessite incubation. For the 0 and 10 mM birnessite microcosms, lactate was completely fermented to acetate and propionate during the first 10 days. In 20 and 40 mM birnessite microcosms, lactate conversion was much slower. Even after 20 days, it was not completely converted. Acetate production in 20 and 40 mM birnessite microcosms reached only around 55% of the acetate produced in 10 mM birnessite microcosm. For propionate production, the effect of birnessite activity became even more apparent, with 75% less propionate produced in the 40 mM birnessite microcosms, compared to 10 mM experiments.

[Table 1](#T1){ref-type="table"} shows the ratio between propionate and acetate production. The propionate to acetate ratio was around 1.5:1 throughout the 20-day incubation in the absence of birnessite. With increasing birnessite activities, less and less propionate was produced compared to acetate. The propionate/acetate ratio after 20 days decreased from 1.4 at 0 mM to 0.47 for the 40 mM birnessite microcosms.

###### 

Ratio of propionate to acetate during 20-day incubation at 0, 10, 20, and 40 mM of birnessite.

  Propionate/acetate                                                           
  -------------------- --------------------- ------- ------- -------- -------- --------
                       **Incubation days**                                     
                                                                               
  **Birnessite**       **1**                 **2**   **5**   **10**   **15**   **20**
                                                                               
  0 mM                 1.49                  1.49    1.52    1.43     1.41     1.37
  10 mM                0.00                  0.31    0.73    1.11     1.19     1.17
  20 mM                0.19                  0.32    0.56    0.60     1.04     1.07
  40 mM                0.00                  0.00    0.16    0.21     0.45     0.47
                                                                               

In abiotic controls, the lactate concentrations remained stable throughout the incubation period, except for the final time point (20 days) in the 40 mM birnessite microcosms, where a ∼ 10% decrease of lactate was detected. In these experiments neither acetate, propionate, nor formate were detected.

As CO~2~ was also one of the expected end-products, we quantified the amounts of CO~2~ produced during lactate fermentation ([Figure 5A](#F5){ref-type="fig"}).

![Production of dissolved and gaseous CO~2~ (mM) **(A)** and CH~4~ (mM) **(B)** on incubation days 0, 1, 2, 5, 10, 15, and 20 for birnessite activities of 0, 10, 20, and 40 mM. Both CO~2~ and CH~4~ were present at 0 mM birnessite and decreased with birnessite activities. Error bars represent the standard deviation of triplicate experiments.](fmicb-10-01007-g005){#F5}

Significant CO~2~ production (up to 15.5 mM) was detected in the absence of birnessite. In the presence of birnessite, CO~2~ concentrations remained close to the background and control experiments. In birnessite microcosms, we would expect more CO~2~ production, not less (Eq. 2), but most of the CO~2~ produced in these experiments was recovered as MnCO~3~ (see below). Although methane (CH~4~) is not a by-product of lactate oxidation, it could be produced by methanogenic microorganisms via hydrogenotrophic or acetoclastic methanogenesis in our microcosm incubations. The largest increase in CH~4~ concentration was recorded in 0 mM birnessite microcosms. Methane was also detected in the 10, 20, and 40 mM birnessite microcosms but the amount of CH~4~ detected declined with increasing birnessite activities. In the abiotic controls, no CH~4~ was detected.

Birnessite Reduction and Dissolution of Aqueous Mn(II) and Precipitated Mn(II)-CO~3~
------------------------------------------------------------------------------------

Birnessite is a poorly soluble mineral and during its microbial reduction, aqueous Mn(II) ions are produced. These have a tendency to bind to carbonates, forming Mn(II)CO~3~ precipitates ([@B22]). Therefore, we report aqueous Mn as well as Mn bound as carbonates in [Figure 6A,B](#F6){ref-type="fig"}, respectively. For the aqueous Mn, an initial increase during the first 5 days of incubation was observed, followed by a drop at day 10. During the rest of incubation the Mn concentrations slowly increased. The decrease at day 10 might be due to precipitation of aqueous Mn as carbonate or phosphate bound Mn. Most reduced Mn was recovered in the form of MnCO~3~ ([Figure 6B](#F6){ref-type="fig"}), which increased rapidly in the first 2 days of the experiment, and more gradually afterward.

![Production of aqueous Mn **(A)** and carbonate bound Mn **(B)** on incubation days 0, 2, 5, 10, 15, and 20 for 0, 10, 20, and 40 mM. Error bars represent the standard deviation of triplicate experiments.](fmicb-10-01007-g006){#F6}

The rate of formation of MnCO~3~ increased with birnessite activity. The formation of an insoluble reduced manganese carbonate precipitate could explain why little release of dissolved CO~2~ was observed in birnessite microcosms ([Figure 5](#F5){ref-type="fig"}).

Carbon and Electron Balance During Lactate Fermentation and Metal Reduction
---------------------------------------------------------------------------

The carbon balance was calculated by comparing the amount of carbon consumed, in the form of lactate, with the amount of carbon produced as products (acetate, propionate, formate, carbon dioxide, MnCO~3~, and methane) on the final day of the incubations (day 20). The number of carbons in lactate and each of its metabolic products was multiplied with the corresponding concentration change, leading to the values presented in [Table 2](#T2){ref-type="table"}. The lactate decrease in abiotic controls was also considered and was significant at 40 mM of birnessite. The "ΔC" column presents the balance of all carbon consumed and produced.

###### 

Carbon balances of experiments with different amounts of birnessite added.

  Birnessite added (mM)   Lactate-C   Acetate-C   Propionate-C   Formate-C   CO~2~-C   MnCO~3~-C   CH~4~-C   Abiotic C loss   Total C produced   ΔC
  ----------------------- ----------- ----------- -------------- ----------- --------- ----------- --------- ---------------- ------------------ ----------
  0                       -113.4      +33.2       +68.3          0.0         +15.5     +1.2        +1.0      0.0              +119.2             **+5.8**
  10                      -117        +41.2       +72.6          0.0         +6.0      +4.9        +0.2      0.0              +124.9             **+7.9**
  20                      -67.3       +24.8       +39.7          0.0         +5.0      +4.6        +0.1      0.0              +74.3              **+7.0**
  40                      -77.2       +27.1       +19.0          +2.7        +1.9      +7.5        +0.1      12.6             +70.4              **-6.8**
  **\# of carbons**       **3**       **2**       **3**          **1**       **1**     **1**       **1**     **3**                               
                                                                                                                                                 

Concentration changes (carbon-mM) associated with consumption of lactate (shown as negative values) and production of acetate, propionate, formate, CO
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4

at the final day of incubation. Abiotic lactate-C decrease is also included and was only detected at 40 mM of birnessite. The "ΔC" column shows the difference between all carbons consumed and produced, with a positive value indicating net carbon production.

For the experiments with 0, 10, and 20 mM of birnessite, more carbon was recovered than introduced with an error of 5--8 mM carbon ([Table 2](#T2){ref-type="table"}). For 40 mM of birnessite experiments not all carbon was recovered in the form of metabolites, with 7 mM of carbon missing. This inaccuracy is still within the margin of error. The detection of inorganic carbon, in the form of manganese bicarbonate and carbon dioxide, had the highest margin of error. Thus, most likely, dissimilatory metal reduction rates at 40 mM of birnessite might have been slightly higher. The electron balance table ([Table 3](#T3){ref-type="table"}) shows the balance between the degree of reduction of substrates and products. The electron balance was calculated for the final time point of the incubations. The electron balance was slightly negative at 0, 20, and 40 mM birnessite and slightly positive at 10 mM birnessite. For the 0 and 20 mM experiments, carbon ([Table 2](#T2){ref-type="table"}) was overestimated, hence together with a negative electron balance, it appeared that the concentration of an oxidized product (e.g., CO~2~) was overestimated. For the 40 mM birnessite microcosms, there was carbon missing in the products. Together with a negative electron balance, this indicated that the concentration of a reduced product (e.g., propionate) may have been underestimated. For the 10 mM birnessite microcosms, the combination of a positive electron balance with an overestimation of produced carbon pointed at the overestimation of the concentration of a reduced product (e.g., propionate).

###### 

Electron balance of experiments with different amounts of birnessite added.

  Birnessite added (mM)     Lactate   MnIV (MnO~2~)   Acetate   Propionate   Formate   MnII (as CO~3~)   MnII (aq)   Total CO~2~   CO~3~(^2-^) (from MnCO~3~)   total CH~4~   Electron balance
  ------------------------- --------- --------------- --------- ------------ --------- ----------------- ----------- ------------- ---------------------------- ------------- ------------------
  0                         0         4.7             0         45.6         0         -2.2              -0.1        -61.8         -4.8                         3.8           \-**14.9**
  10                        0         18.7            0         48.4         0         -9.1              -0.3        -24.0         -19.7                        0.9           **14.8**
  20                        0         18.4            0         26.5         0         -8.5              -0.7        -20.2         -18.4                        0.6           \-**2.4**
  40                        0         27.3            0         12.7         -5.4      -13.0             -0.6        -7.4          -28.2                        0.4           \-**14.3**
  **Degree of reduction**   **0**     **-4**          **0**     **+2**       **-2**    **-2**            **-2**      **-4**        **-4**                       **+4**        
                                                                                                                                                                              

Electron balance was calculated for the final time point of incubation by using the "Degree of reduction" specified in the table. The column "Electron balance" indicates the net balance of reduced and oxidized products determined. The row "Degree of reduction" states the values used for each species.

The Effect of Birnessite on the Microbial Community Structure
-------------------------------------------------------------

Birnessite activity strongly affected microbial community structure ([Figure 7](#F7){ref-type="fig"}, [8](#F8){ref-type="fig"}). Firmicutes (47% relative sequence abundance) and Bacteroidetes (24%) were the most abundant phyla at 0 mM of birnessite. Their abundance decreased with increasing birnessite activity, to 32 and 11% at 40 mM birnessite, respectively. The relative sequence abundance of Proteobacteria increased with increasing birnessite concentrations, from 21% at 0 mM to 54% at 40 mM of birnessite. [Figure 7](#F7){ref-type="fig"} presents the microbial community composition, based on amplicon sequencing. The relative sequence abundances presented are averages of biological triplicates.

![The bubble plots represent the relative abundance of 16S rRNA gene (%) in microcosms with 0, 10, 20, and 40 mM of birnessite at the Family or Genus level (when classified). The relative sequence abundance of Firmicutes and Bacteroidetes decreased with increasing birnessite activities whereas relative sequence abundance of Proteobacteria increased. Size of the bubble relates to the relative abundance of 16S rRNA gene (%). Average values of triplicate experiments were presented.](fmicb-10-01007-g007){#F7}

![Non-metric NMDS of community compositions based on the Bray--Curtis dissimilarity distance **(A)**. The triplicates for each microcosm were visualized individually. The Stress value for this system is 0.11. Number of observed OTUs **(B)** and Inverse Simpson's diversity index **(C)** at birnessite activities of 0, 10, 20, and 40 mM. Number of observed OTUs was the highest at 40 mM birnessite, but the Inverse Simpson's index decreased with increasing birnessite activities. Error bars represent the standard deviation from average of the triplicates.](fmicb-10-01007-g008){#F8}

Among Proteobacteria, *Shewanella, Citrobacter*, and *Telmatospirillum* were the major genera present. For each of these taxa, their relative sequence abundance increased with increasing birnessite activity.

Among Bacteroidetes, the relative sequence abundance of the proteolytic genus *Proteiniphylum* increased with birnessite activity, whereas abundance of *Petrimonas, Paludibacter* and a representative of the VadinBC27-wastewater-sludge-group decreased with increasing birnessite activity.

Among Firmicutes the most abundant OTU was affiliated with *Veillonelaceae* and its relative abundance was the highest at low birnessite activity. The abundance of most other detected Firmicutes, for example those affiliated with *Acidaminobacter, Intestinimonas, Sedimentibacter*, and *Hydrogenoanaerobacterium* also decreased with birnessite activity. On the other hand, birnessite activity favored growth of a population affiliated with *Proteiniclasticum* (part of *Clostridiaceae*).

Methanogenic archaea affiliated with *Methanobrevibacter* were present in all microcosms, at around 1.2% relative sequence abundance, and were likely responsible for CH~4~ production, via hydrogenotrophic methanogenesis.

Community dissimilarities were visualized using NMDS. As can be seen from [Figure 8A](#F8){ref-type="fig"}, the communities of each triplicate experiment clustered together, while there was clear spatial separation among communities with different birnessite activities. The Stress value for the system was 0.11 indicating that the NMDS represents the observed differences between communities in the reduced dimensions well. Analysis of similarities (ANOSIM) indicated that the dissimilarity between groups was statistically significant (*R*: 0.98, *p* \< 0.001). The richness of the microbial communities, expressed as the number of observed OTUs ([Figure 8B](#F8){ref-type="fig"}), varied between samples with different birnessite activities and was the lowest at 10 mM and highest at 40 mM. On the other hand, the Inverse Simpson's diversity index, which considers the number of OTUs and also their abundance ([Figure 8C](#F8){ref-type="fig"}), was highest at 0 mM and decreased with increased birnessite activities. Thus, not only the presence but also the amount of birnessite appeared to be a key factor influencing microbial diversity and composition.

Discussion
==========

Fermentative microorganisms and dissimilatory metal reducing bacteria utilize lactate and conserve energy in two very distinct ways. When lactate is fermented ([Figure 1A](#F1){ref-type="fig"}), it is first oxidized to pyruvate, yielding ATP and NADH. Lactate or pyruvate are further reduced to propionate in the reductive branch, consuming NADH. In the oxidative branch pyruvate is oxidized to acetate and CO~2~, yielding ATP and NADH ([@B38]). In dissimilatory metal reduction ([Figure 1B](#F1){ref-type="fig"}) lactate is oxidized to acetate and CO~2~, there is no formation of propionate since the electrons are transferred via transmembrane cytochrome system extracellularly to manganese oxides. ATP is generated via electron transport and chemiosmosis ([@B43]).

Our results indicated that with increased birnessite activities, the consumption rate of lactate was reduced. At the same time, a shift was observed from lactate fermentation to birnessite respiration of lactate, the latter proceeding at a slower rate. The presence of birnessite must have suppressed the activity of lactate fermenting bacteria, because otherwise, lactate oxidizing microbes (e.g., *Shewanella*) would not have been able to compete with the faster fermentative bacteria ([@B43]). The slower lactate consumption at higher birnessite activities was also reflected in acetate and propionate production which was far lesser in the microcosms with 20 and 40 mM of birnessite. Additionally, the propionate/acetate ratio decreased from a value of 1.4 at 0 mM, which is a typical ratio during fermentation, to 0.47 for the 40 mM birnessite incubations. As shown in [Figure 1B](#F1){ref-type="fig"} and Eq. 2 ([@B31]), when lactate fermentation is combined with Mn reduction, acetate is the main metabolic product. Hence, the increased acetate to propionate ratio at higher birnessite activity suggested that in those microcosms, species performing partial lactate oxidation/birnessite reduction outcompeted strictly fermentative species.

Carbon dioxide was highest in microcosms without any birnessite addition and with increasing birnessite activities its concentration decreased. This was due to delayed lactate consumption at increased birnessite activities but also due to increased Mn(II) production. Namely, at higher Mn(II) concentrations more MnCO~3~ was formed which decreased the dissolved carbonate concentrations in microcosms with birnessite present. Methane was primarily produced at 0 mM of birnessite. In these microcosms both *Hydrogenoanaerobacterium* and *Methanobrevibacter* were detected. These two bacterial populations may have co-existed in a syntrophic relationship. *Hydrogenoanaerobacterium* could provide substrates (acetate, CO~2~, and hydrogen) for methane formation by *Methanobrevibacter.* It appeared that the presence of birnessite suppressed methanogenesis, which might have been caused by toxicity of birnessite to methanogens, or to their syntrophic partners.

The Mn reduction efficiency \[Mn(II) produced divided by birnessite added\] was the highest at 10 mM birnessite added, where about 50% of added birnessite was reduced to Mn(II), whereas at 20 and 40 mM approximately 21 and 16% was reduced. The decreased birnessite reduction efficiency with increased birnessite activity indicates inhibition by terminal acceptors and/or its toxicity which was also indicated by lactate oxidation results.

In terms of community structure, with increasing birnessite activities the relative abundance of fermentative Firmicutes decreased and Proteobacteria increased. From all the OTUs that were enriched, only the genus *Shewanella* contains well-studied metal reducing species ([@B18]; [@B65]). Also, some representatives of the genera *Clostridium-sensu stricto* ([@B23]; [@B44]) have been described to perform extracellular electron transport and dissimilatory metal reduction. Other OTUs observed belong to either amino acid fermenting organisms such as *Proteiniclasticum* ([@B64]), *Sedimentibacter* ([@B2]) and VadinBC27- wastewater sludge group ([@B25]) or organic acids/sugar fermenting organisms such as the representatives of the family *Veillonellaceae* ([@B34]), genera *Citrobacter* ([@B26]), *Paludibacter* ([@B56]), *Acidaminobacter* ([@B53]), *Fusibacter* ([@B14]), *Petrimonas* ([@B17]), and *Tyzzerella* ([@B57]). *Veillonelaceae* is known to ferment lactate, with acetate and propionate as metabolic end products ([@B34]). *Telmatospirrilum* ([@B52]), *Petrimonas* ([@B17]), *Paludibacter* ([@B56]), *Acidaminobacter* ([@B53]) and *Intestinimonas* ([@B27]) are all lactate fermenting genera that produce acetate and propionate/formate. *Citrobacter* have been reported to utilize acetate as carbon source ([@B26]), which accumulated during lactate fermentation, therefore the increased *Citrobacter* relative sequence abundance with increased birnessite activity might be due to more acetate being available in the system for its growth.

An unexpected finding in our experiments was that fermenters and metal reducing bacteria such as *Shewanella* can compete for the same substrate. In traditional, canonical views of the anaerobic food chain, the fermenters would first ferment lactate providing substrates for metal reducing bacteria such as acetate and H~2~. This is not the case in our study where *Shewanella*, a known lactate oxidizer, competed with fermenters directly for the same substrate. The strict succession of redox processes has also been challenged by several other publication including [@B8], [@B41], and [@B24]. [@B24] reported fermentation and respiration to be uncoupled processes, similarly to [@B41] who found iron cycling to be uncoupled from geochemical gradients.

Recent research seems to confirm the possibility of fermentation and anaerobic respiration to co-occur as found in our study. Despite that, our systems do not reflect natural conditions, such as permanently anoxic sediments where carbon fermentation coupled with sulfate, Fe(III) and Mn(VI) reduction was previously reported ([@B6]; [@B58]). In natural systems the birnessite concentrations would be much lower and community composition rather different. Hence, in permanently anoxic sediments mineralization of organic matter and anaerobic respiration would likely still be coupled.

Conclusion
==========

With increased birnessite activities a decrease in lactate consumption rate, altered propionate/acetate ratios and changes in microbial community were observed. The birnessite reduction efficiency decreased with increasing birnessite activities and was the highest at 10 mM. The relative sequence abundance of metal reducing bacteria did not equally increase with birnessite activities. The majority of OTUs enriched in our microcosms appeared to be involved in lactate/acetate fermentation (most Firmicutes and some Proteobacteria) or amino acid fermentation. Even at 40 mM of birnessite, metal reducing genus *Shewanella* had relative sequence abundance of only around 15%, indicating the importance of amino acid and organic acid fermenting microbes at this high birnessite activity. Increased production of acetate and CO~2~ with increasing birnessite activity indicated a shift from purely fermentative to partial oxidation to acetate coupled to dissimilatory metal reduction. Birnessite suppressed lactate fermentation, the faster form of lactate utilization. This enabled the metal reducing population to successfully compete for lactate, despite their slower conversion rate. It was also observed that the microbial community composition not only depended on the presence/absence of the electron acceptor, but also its activities, with richness and evenness of communities decreasing with increased birnessite activity.
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